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The solid phase thermal decompositions of L-cystine and its three stereoisomers have been
investigated in vacuo between 150 and 230 °C. The decomposition processes have been examined by
measuring the total pressure and the partial pressures of the four gaseous products, NH,, H,O,
H,S, and CO,, as well as by the semiquantitative determination of sulfur polymers. The rate
equation for the thermal decomposition of L-cystine can be approximated as zeroth order, with an
induction period at the initial stage of the decomposition. A remarkable change in the reaction rate
was found at around 170—180°C, above which evaporated sulfur polymers can be detected. At
lower temperature the dehydration reaction is predominant, while the rates of formation of NH,,
H,S, and CO, become much larger than that of H,O as the temperature increases. The observed
induction periods at T'<200 °C are different for each of the product gases, and depend strongly on
the decomposition temperature and the history of the starting materials. The reactions that occur
during this period are discussed. The different behavior observed in the thermal reactions of other
sulfur-containing amino acids, L-cysteine and L-methionine, and some non sulfur-containing ones
are discussed in relation to the different strengths of the hydrogen bond networks in the crystalline
states.
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Introduction

Most solid amino acids are thermally decomposed to evolve some gaseous products, and
small amounts of diketopiperazines, as well as deaminated and decarboxylated compounds
and tars are produced.! ”® Only a few amino acids such as glycine and aspartic acid are
thermally polymerized to form polypeptides.*"® This reaction and related polymerization
reactions have been extensively studied to explore the chemical evolution of proteins in
prebiotic conditions.” ~® Furthermore, some amino acids are known to be sublimed without
decomposition when they are heated in vacuo.”’

The purposes of this series of studies are to investigate these different thermal processes in
solid amino acids from the viewpoint of reaction kinetics and to understand them in relation
to the energetics and/or orientational properties of the hydrogen bonds formed between the
functional groups of each amino acid. '

It 1s well known that two common functional groups of amino acids, -NH, and -CO,H,
can exist in a zwitterion form (NH;* and CO, ") in the crystalline phase.'® Those ionic
groups are bound to each other via three hydrogen bonds of the type N*~H---O~ to form a
three-dimensional network. The binding energy between them has been estimated to be about
20 kcal/mol in solid glycine based on measurements of the vapor pressure.'’’ The hydrogen
bonds in other amino acids are further strengthened by the contribution of other characteris-
tic groups. In particular, as solid cystine includes two pairs of the ionic groups NH; " and
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CO, ~,'¥ its hydrogen bond network is considered to be most rigidly formed. This amino acid
also has another reactive group, —S,—. Its role in the thermal decomposition of solid cystine is
of great interest since this bond can play an important role in the protection of the biological
proteins against physical (thermal or radiational) and chemical perturbations. Fujimaki ez al.
have identified more than ten volatile products in the pyrolysis of cystine and some sulfur-
containing amino acids under a nitrogen atmosphere at 200—300 °C.'* ~'*) Their results show
that the -C-—S,— and —S-S— bonds of cystine are easily dissociated to produce H,S and Sg as
well as organic compounds containing one sulfur atom or none.

On the other hand, Seto showed by weight loss measurements with a thermogravimeter
that the thermal decomposition of solid L-cystine begins with some intramolecular changes at
or above 160°C and its decomposition occurs rapidly above 210°C.'® Thus, different
reactions may occur in different ranges of decomposition temperature.

Olafsson and Bryan have reported the activation energies for the thermal decom-
positions of several amino acids by the differential scanning calorimetric method.'” Their
data indicate that sulfur-containing amino acids as well as most basic amino acids decompose
with low activation energies. However, little is known about the decomposition kinetics or
mechanisms.

In this work, we have first elucidated some mechanistic features in the thermal
decompositions of L-cystine and its stereoisomers by the usual method employed in kinetic
studies of the thermal decompositions of inorganic solids.'® 2!’ The results and some
preliminary observations on the thermal processes in other amino acids will be discussed in
terms of the different strengths of their hydrogen bond networks.

Experimental

The thermal decompositions were investigated with evacuation of the gaseous products in order to eliminate
secondary reactions as far as possible, because some of the pyrolytic products seem to be formed via secondary
reactions among the primary products.'*’ The pressure was maintained at 107 *~—107*Torr during the decom-
positions. Furthermore, such experimental conditions enabled us to observe the sublimation of the starting materials
with some amino acids. The decomposition kinetics were studied by measuring the total pressure and the partial
pressures of the volatile products. Figure 1 shows the glass apparatus and also the detection systems. Finely powdered
or micro crystalline material (0.03—0.4 g) placed in the Pyrex glass cell was dehumidified in vacuo at 100 °C for 30—
90 min. During such pretreatment of the sample the absorbed water was almost completely removed. Then the
material was decomposed with evacuation of the evolved gases at a constant temperature (+0.5°C) between 150—
230°C, since the decomposition rate above 230°C was too fast to investigate its kinetics. The decomposition
temperature 7 was measured by means of a thermocouple soldered on the bottom of the glass cell. As the thermal lag
in the cell (1—2 min) was corrected for, the uncertainty in the zero time was within 1 min. The amount of gases
evolved in the period required. to heat the sample up to 7 was found to be negligibly small.

The volatile products were collected in two traps cooled at ice and liquid nitrogen temperatures, respectively. The
collected gases were vaporized into a large volume of 1.27 | then passed through an orifice (0.15 mm in diameter) into
the ionizer of a quadrupole mass spectrometer (MS) (modified NAG 531, ANELVA). MS were measured in a phase-
sensitive way.*®’ The overall sensitivities in the mass spectrometric determinations of NH;, H,0, H,S, and CO, were
corrected by using standard mixtures. With this correction, the relative contents of these gases could be determined

molecular beam ™~
sampling system

Fig. 1. The Decomposition Cell, and the Col-

2 o 1931 @ 3 1
T.C. l lig. N» lecting and Measuring Systems for Gaseous
Products

T.C., thermocouple.
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with an error of less than 5% of the observed values. The total pressures were measured with a capacitance
manometer (Granville Phillips 212-023).

Thermal decompositions of these materials were also studied by using a high-resolution MS (JMS-D-200,
JEOL). In this experiment the sample was heated on a quartz boat used in routine measurements of the MS of
low-vapor-pressure solids, and the evolved gases were directly introduced into the ionization chamber. This
measurement made it possible to identify some less volatile products such as sulfur polymers, but the absolute
amounts could not be determined.

All the materials were obtained from commercial sources. Cystines were recrystallized one or two times from
diluted aqueous ammonia solution. The optical purities of cystine isomers were confirmed by measurements of their
circular dichroism. The observed Ag¢ values at 219nm in 0.1~ HCl were +5.7 and —5.6 for L- and D-cystine,
respectively. These values are in agreement with the literature value (+5.9 for L-cystine).2®

Results

Volatile Products in the Thermal Decompositions of Solid Cystines

The volatile products were mostly collected in the liquid nitrogen trap By MS
determinations, it was found that the bulk of them (>959%,) consists of four gaseous products,
NH;, H,O, H,S, and CO,, at the initial stage of the decomposition. A yellowish-brown
colored product, possibly sulfur polymers, could also be observed on the inner wall between
the upper part of the decomposition cell and the ice trap. Indeed, sulfur polymers could be
identified in the experiments by using the high-resolution MS. The observed relative
intensities of the sulfur polymer ions were S, * (2—3)>S,"(1)>S5", S, ", S3* (ca. 0.5)>S,*,

" (ca. 0.2) at about 200 °C with an electron energy of 70eV. This intensity ratio is essentially
the same as the result observed for sulfur vapor at the same temperature.>* Many other ion
peaks were so weak that most of them could not be assigned except for HS," and H,S, " (n=
1 —6), produced by the ionizations of sulfanes H,S,.

The numbers of moles of the four gaseous products formed per mole of the starting
material (N3 /Ng) were determined after the starting material had been completely decom-
posed at 195, 213, and 221°C, where the content of the minor volatile products never
exceeded 109 of the total amount of products collected in the liquid nitrogen trap (N¥).

TaBLe 1. Number of Moles of the Product X per Mole of the Starting
Material, N3/Ng (X=NH,, H,0, H,S, CO,, and Total),
and Fractional Decompositions iz (R=NH;*, CO,",
and -S,-), Obtained from Product Analysis
after Complete Decomposition?

195°C 213°C 221°C
N¥/Ng X=NH, 0.57 0.59 0.61+0.03?
X=H,0 0.50 0.33 0.284+0.03
X=H,S 1.1 1.0 1.0 +0.1
X=CO0, : 0.95 1.0 1.2 +0.1
Total 3.5 3.3 34 +0.2
NF |Ng=(Z(NZ+ others))/Ng
Beo,-? 0.72 0.67 0.74+0.08
/N 0.54 0.46 0.45+0.03
Brm,+ 0.81 0.71 0.70+0.05
B, 0.55 0.50 0.50+0.05

a) For the material LA (about 0.04 g); LA is one of the four different materials used in this experiment
(see the caption to Fig. 4). &) Average values of three runs. ¢) feo,- =(N&,+ Ng,0)/2Ns, obtained by
assuming that two CO,” groups are decomposed into (CO,+H,0). d) Bay,r =(Ny,+Ng&,0)/2Ns,
obtained by assuming that two NH;* groups are decomposed into (NH,+H,0). e) B+ =
(NG, +Nio+(N3,s/2)/2Ns, obtained by assuming that the six hydrogen atoms of two NH;*
can contribute to the formation of H,S as hydrogen (or proton) donors equally well as six
hydrogens attached to carbon atoms. f) fs, =Ngs/2Ns.

NII-Electronic Library Service



No. 3 919

From the data in Table I it is clear that 70—80%, of CO, ™ and NH; " groups and 50—60%; of
-S,— are decomposed to evolve (H,0+CO,), (H,0+NH,+H,S), and H,S, respectively.
Most of the remaining —S,— could be eliminated as sulfur polymers.

These results of product analysis, though limited to the gaseous products, suggest that
the main reactions in the thermal decomposition of solid L-cystine are associated with the
evolutions of H,O, NH;, H,S, CO,, and sulfur polymers.

Kinetics :

The total pressure (P;) and the partial pressures (Py) of the volatile products were
measured as a function of the decomposition time from =0 to the time (/*) when P;
converged to a constant value (P). We first tested the Sharp-Brindley-Achar plots*> and
the Avrami-Erofeev plots according to the Hancock and Sharp method?® to determine the
decomposition kinetics. Figure 2 shows the former plot. In these plots the fractional
decomposition oy derived from Pp/P¥ was represented as a function of #/¢],, where 1, is
the time for «; =0.5. The slope (/) of the latter plot was found to be 1.15+0.03 in the range of
o from 0.15 to 0.5 and this value was compared with those derived from various kinds of
kinetic equations reported previously. Both plots fit well with those derived from the 2-
dimensional phase boundary-controlled interface reaction model (Eq. 1; /=1.11).26-27

1—(1—ap)2=kt (1)

However, when o >0.5 in Fig. 2, the observed «; significantly deviated from Eq. 1, as if the
decomposition were decelerated, and the effect was marked at the lower temperature. This
deviation should be attributable to subsequent decompositions of the nonvolatile species
produced in the initial decomposition, since N5 is much larger than Ny(NF/Ng=3.3—3.5 at
T'=195—221°C in Table I). Figure 3 shows the relations of ay (X=NH;, H,0, H,S, CO,,
and total) to the decomposition time. In this figure ¢§, for X =NHj is about two times longer
than that for X=H,O and the formation rates of H,0 and H,S are more markedly

1.0 T T T 1.0
8 8¢
i g
D”“ Q, 0 5 I~ T
Il
§ )
20 40 60 80
/15 ¢t (min)
Fig. 2. Determination of Rate Equation Ac- Fig. 3. Thermal Decomposition of Solid vL-
cording to the Sharp-Brindley-Achar Method Cystine at 221°C
The decomposition data in this work are represent- The observed times ti‘u are 14+2, 18+1, 21+1,
ed by the following symbols; —Q— (195 °C), —0— 22+1, and 26+ 1 min for X=H,0, H,S, total, CO,,
(213°C), —A— (221°C). The characteristic times and NH;, respectively.
(min), tlT/2 and ¢®, are (60, 1900), (37, 350), and (21, '
250) at 195, 213, and 221 °C, respectively.
These plots are compared with those obtained from
some kinetic equations reported previously.
———= [~In(1—ap]'? =kt (Avrami-Erofeev Eq.
for /=2)

————— [1—(1—ap)*P=kt (Diffusion-controlled
contracting reaction)

—— 1—(1—ap)*?=kt (2-Dimensional phase
boundary-controlled contracting interface reaction)

------ —In (1 —a;)=*kt (First-order reaction)
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decelerated in the latter part of the decomposition. These results suggest that the nonvolatile
products, possibly deaminated and/or decarboxylated and/or desulfurized ones, mainly
evolve NH; and CO, in their decompositions, which is clearly different from the decom-
position of the starting material, as shown later. In conclusion, the rate Eq. | determined by
these plots seems not to be very reliable because the fractional decomposition given by Py/P¥
or Py/P¥ is not necessarily well defined in describing decomposition kinetics including such
complicated subsequent decompositions. A more appropriate definition of fractional decom-
position, however, could not be provided with our methods of product analysis. '

Thus, we next examined the zeroth order rate Eq. 2 containing the apparent fractional
decomposition.

Nyor 1y/Ns = kxor T)([_tiX(or ™ )

where Nxq), kxcr)» and ¢ are the number of moles of the product X or their sum T, the rate
constant (mol/(mol of the starting material))-s !, and the induction period for the product
X(or T), respectively. This equation was found to be applicable to the initial decompositions
below Ni/Ng~1.5 and Ny/Ng~0.5—0.6. Good fits are apparent in Figs. 4 and 6. From Fig. 4
the average value of k; at 177 °C was obtained as (6.43+0.12) x 107> from more than two
runs for material A of L-cystine (abbreviated to LA) with three different values of Ng.
Including the data from the other three materials (LB—LD) the variation of k; becomes a
little larger ((6.6 +0.8) x 10~%); the materials LA—LD differ in their particle forms and sizes,
as noted in the figure caption. Also, kx (X=NH;, H,0, H,S, and CO,) varied in the range
from 15 to 309, for these materials. Such small material dependences of the rate constants
suggest that the main features in the thermal decomposition of L-cystine could be adequately
represented by those of the material LA.

The initial decompositions of the other three isomers of cystine obeyed the same rate Eq.
2, but the material dependences were quite large, particularly for the p- and meso-isomers

6.0

4.0

NrX10*

&
Py (Torr)

2.0

LC(83) l
50 100 150
¢t (min)

i)

T
i

Fig. 4. Dependences of the Thermal Decom-
positions at 177°C on Materials (LA—LD)
and Ng

The values in the parentheses are Ng ( x 10~ #mol).
LA—LD represent different samples of L-cystine.
Material LA (—@—, —O—, —@—) consisted of
hexagonal plate-like crystals with dimensions of 50—
200 um across and ca. 10 ym in thickness, with some
fine particles (kr=6.43 x 1073). LB (—<—) was ob-
tained by finely grinding LA in an agate mortar, and ) ) L
had a particle size of 10—50um (k;=5.75x1077). —17.0 2.1 2.2 2.3 24
LC (—A—) had almost the same particle forms and 1/ TX10%
sizes as LA but had been obtained from a different

batch of recrystallization (k;=6.68x107%). LD . .
(—[1—), prepared by rapid crystallization, had the Fig. 5. Arrhenius Plots for the Rate Constants

finest particle size distribution (a few um) (kr= in the Thermal Decomposition of L-Cystine
7.60 x 1073). (Material LA)

log kt (or x)
log (1/t
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(100-—200%, for k) and also in the initial decomposition of DL-cystine, as discussed later. The
obtained k; for bL-cystine was nearly equal to or a little larger than that of L-cystine at each
temperature.

Activation Energies and Formation of Sulfur Polymers

The Arrhenius plots for k; and ky are presented in Fig. 5. These plots show the existence
of two straight lines with different activation energies above and below 170—180°C. The
activation energies and the preexponential factors obtained from Fig. 5 are given in Table IL
The activation energies Ey in the higher temperature range increase in the following order.

Ey,0< Ey,s < Eco, <Eng,

Olafsson and Bryan have previously obtained the activation energy in the pyrolysis of solid L-
cystine in the temperature range from 230 to 270°C by using a differential scanning
calorimeter. Their value (32.7 kcal/mol) is significantly larger than E; (27.7 kcal/mol) obtained
in this work, and rather near Eyy, (30.5kcal/mol). This is consistent with the extrapolated
results based on the parameters in Table II that the formation reaction of NH; as well as that
of CO, having larger activation energies becomes predominant at 7>250°C.

The characteristic temperature (170—180 °C) observed in the decomposition rates was
found to correspond to the temperature above which the evaporated sulfur polymers were
detected in another experiment using the high-resolution MS. The total intensity of S, (n=
2—8) at 220°C is 3—4 times that at 190 °C. This increase qualitatively accords with the
increase of the vapor pressure of solid sulfur,”® and then it corresponds to the largest decrease
in Ey g (ca. 23kcal/mol in Table II) above 170—180°C, that is, the formation rate of H,S
apparently decreases as the decomposition temperature increases. Therefore it can be
concluded that the formation of H,S competes with the evaporation of sulfur polymers above
170—180 °C.

Induction Periods

The induction periods (¢{) were determined according to Eq. 2 by the least-squares
method, so the uncertainties are estimated to be 10—20% of ¢¥. Besides, ¢}* was obtained for
Ng>8.3x10"*mol (=0.20g) because ¢ slightly depends on Ng for Ng<8.3 x 10™*mol as
shown in Fig. 4.

The observed induction periods in L-cystine are different for each of the products X and
depend strongly on the decomposition temperature and the history of the materials. Figure 6
shows an example of the dependences of ¢ on the products X. Above 180 °C, ¢ for X =NH;,
H,S, and CO, are almost equal but 712 is nearly zero, whereas below 180 °C the dehydration
reaction also requires some induction period, though it is shorter than those for the other

TaBLE I Activation Energies and Preexponential Factors in the Thermal
Decomposition of Solid L-Cystine®

X Above 170—180°C Below 170—180°C
Ey (kcal/mol) log Ay” E (kcal/mol)” AE=Ey—Ey°®
NH; 30.5+0.8 10.6 +0.2 46 15
H,O 18.6+0.7 48+0.1 33 14
H,S 24.440.1 8.1+0.1 47 23
CO, 27.5+0.8 9.5+0.3 41 . 13
Total 27.7+0.5 9.2+0.2 37 9

a) For the material LA. b) (mol per mol of L-cystine)-s . ¢) The uncertainties are estimated to be
+ 3—Skceal/mol.
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T T T T T T
0.3f 14.0
" total X1/2
2 i &
E
5 0.2 H.S E:
[ -~
=z z
COzpy 2
A
0.1+ H.0
41.0
o NH; ‘
Fig. 6. Induction Periods of the Gaseous Prod-
ucts X at 195°C
2|() : 4'0 : 5|0 The obtained ¥ are 7, 8, 0, 9, and 9min for
¢ (min) X=total, NH;, H,0, H,S, and CO,, respectively.
0.8F T T 310 0.8 T |
0.6 r 14
B T
2? o by
< 04l 45 £ £
= | & 42 o
0.2+
[— L] 1 1
50 100 150 50 100 150
t (min) ¢ (min)
Fig. 7. Irreversible Change after the Induction Fig. 8. Material Dependences of the Decom-
Period at 177°C position Behavior of bpL-Cystine at 180°C
Material LA (Ns=8.3x 10~*mol), which should (Ns=4.2x10"*mol)
decompose along the lines (—@—) as indicated in All the materials, DLA (—[J—), DLB (—@—),
Fig. 4, was decomposed for about 45min at 177°C, and DLC (—O—), are powder-like ones having very
and then cooled at room temperature in vacuo. Then, fine particles (a few um) together with small ag-
it was decomposed again at the same temperature gregates.

without further treatment (—(O-—) or after a 1h
exposure to air (——/\—) or a 4.5 h exposure to water
vapor (15 Torr) (—@—).

three gases at each temperature. In general, the induction periods increase in the following
order. ' .

1120 <t NHs o 1 £O2 < g 18

The materials decomposed for a certain time longer than ¢[ at each temperature then
cooled and subsequently decomposed again at the same temperature no longer showed any
induction period, as shown in Fig. 7. Furthermore, the material phase formed after the
induction period was found to be unaffected by exposure to air or water vapor.

Material dependences of the induction periods were observed in the four isomers of
cystine, particularly in pL-cystine, as shown in Fig. 8. DLA and DLB have an apparently
“negative” and zero induction period, respectively, in spite of having almost the same rate
constants. These phenomena were found by product analysis to arise from the rapid

NII-Electronic Library Service



No. 3 _ 923

evolutions of both CO, and NH, at the initial stage of decomposition. These initial
formations of CO, and NHj; could be depressed when absorbed water was incompletely
removed before the decomposition. The induction period for the formation of H,S, however,
was always positive and independent of such pretreatment of the materials. Its material
dependence is rather small in all four isomers. One possible source to produce CO, and NH,
initially is considered to be some surface or crystal imperfections with an incomplete hydrogen
bond network between NH; " and CO, ~, which are protected by the absorbed water. Such
imperfections may be more easily formed when the pDL-isomer is recrystallized as a racemic
compound.?® Related phenomena due to imperfections or different crystal structures in solid
cystine isomers have been briefly reported by others.3:31)

Discussion

Initial Decompositions

The findings concerning the induction periods lead us to several conclusions regarding
the initial reactions that occurred during or immediately after these periods:

(1) The main reaction determining the length of the induction period is strongly related to
the evolution of H,S.

(2) The dehydration reaction precedes this reaction.

(3) The evolutions of CO, and NH; occur almost together with that of H,S, although
there are some exceptional cases depending on the properties of the starting materials.
Based on these results, the following reactions are considered to take place in the initial
decomposition of solid cystines.

The dehydration reaction precedes all other reactions which can be probed by detecting
the volatile products. However, this does not necessarily rule out some physical or chemical
changes which do not produce any gaseous species before the dehydration reaction is
initiated, because there is some induction period for the evolution of H,O at lower
temperatures. The dehydration reaction should be associated with the partial destruction of
the hydrogen bond network formed between NH; * and CO, ~. This would cause an increase
of free or incompletely hydrogen-bonded NH;* and CO, ™ groups, from which both NH; and
CO, could easily be produced, leading to their rapid evolutions at a very early stage in the
decomposition of DL-cystine, for example.

It is likely that the C—S and/or S-S bonds are dissociated as early as the stage at which the
dehydration reaction occurs. Indeed, Fujimaki er al. detected small amounts of some
desulfurized amino acids such as alanine, leucine, and methionine after the pyrolysis of solid
cystine for only 1 min at 270—300 °C.'¥ The dissociations of these bonds could also eliminate
atomic S or S,, which could be partially polymerized as they diffuse toward the surface
through the two dimensional arrays of (-S,-) in the crystalline state. Such a polymerization
process of sulfur may correspond to the chain reaction mechanism in the pyrolytic formation
of elementary sulfur from episulfides.**’ Thus, sulfur polymers can be gradually grown over
the surface and/or the interface of the polycrystalline materials during the induction period.

The gaseous product H,S is presumably produced by the reduction of these sulfur
polymers. This mechanism could reasonably explain the formation of sulfanes H,S,.

Relation to the Hydrogen Bond Strength

It is of interest to compare these thermal decomposition reactions in solid cystines with
those in other sulfur-containing amino acids, L-cysteine and L-methionine. These two amino
acids were found to have very rapid sublimation rates, whereas solid cystines were
decomposed with no sublimation. Namely, 809/ of the starting material of L-cysteine and
1009, of L-methionine were sublimed at 192 °C after 90 min. The remaining L-cysteine was
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decomposed to evolve NH,;, H,0, H,S, and CO,. The relative amounts of products (0.66 :
0.37: 1.0 : 0.85) were almost the same in the case of L-cystine (0.50 : 0.33 : 1.0 : 0.83). Sulfur
polymers were detected in the case of L-cysteine, too. Therefore the thermal decomposition of
solid L-cysteine seems to proceed like those of cystines.

Such differences in the thermal reactions of these three amino acids can be understood in
terms of the different strengths of the intermolecular hydrogen bonds in the solids as follows.
Two ionic pairs of NH; " and CO,” of a cystine molecule are known to interact strongly
through 6 (N"—H- - -O~) hydrogen bonds between neighboring molecules with an average
distance of 2.82 A.123% The total energy of these hydrogen bonds (E,;) is estimated to be
45 + Skecal/mol if we assume 4—5 kcal/mol per hydrogen bond between N-H- - -O with a
distance of about 2.8 A,'%-11:3) and 1520 kcal/mol for the transfer energy of two protons as
represented in Eq. 3."" The heat of sublimation can be estimated to be 55+ 5kcal/mol by

(NH; > CH-CH —S~> ( NH: S cq cn ~s‘> 3)
Cco,” 7 ], "\ Ho, c” 2 R
adding the van der Waals energy (7—10kcal/mol)*> to Ey. This is approximately twice the
heat of sublimation of glycine (31.2kcal/mol).}" This energy is much larger than all the
observed activation energies, but is comparable with the bond energy between —C-S,—
(55kcal/mol) or a little smaller than that of CS—CS (70—75kcal/mol).3® Therefore the
thermally activated L-cystine molecules are expected to be decomposed by the dehydration
reaction having the smallest activation energy and by the dissociation of the comparatively
weak central bonds (C-S and S-S) before they are sublimed as free molecules. In L-methio-
nine, only three (N"—H---O7) hydrogen bonds exist.>”’ The hydrogen bond energy (20—
25kcal/mol) is as small as the activation energies for the dehydration reaction obtained in
L-cystine (18.6 and ca. 33 kcal/mol), so the molecule can be expected to sublime quite readily.
L-Cysteine is an intermediate case with Eyz=25—30kcal/mol, where the molecules interact
with each other through 3 (N*-H---O7) hydrogen bonds and two weak hydrogen bonds
between S-H and S or O~ .3®

Similar relations of the hydrogen bonds to the thermal changes can be found in other
amino acids, too. According to the results reported by Gross and Grodsky,” most amino

TasLe HII. Thermal Decompositions of Solid Amino Acids
in Competition with Sublimation

Gross et al. This work?

Amino acid D or S? Ny/Ng? Relative content
H,0 : NH; : CO, : H,S

Cystine D D 1.1 033 : 050 : 083 : 1.0
Glu D D% 0.94 1.0 : 0.02 : 0.01

Arg D D 0.13 1o : 12 = 00t

Lys D D 0.45 1.0 : 01 : 0.03

Asp D (S) D 0.47 1.0 : 003 : 003

Ser D (S) S (D) 0.1 1.0

His D (S) D 0.01 1.0

Cys S (D) S (D) 0.14 037 : 066 : 085 : 1.0
Thr S (D) S (D) 0.01 1.0

Met S S 0.0

a) Samples of about 0.2g were decomposed at 192—195°C for 90min. b) D, decomposed; D (S),
decomposed with a little sublimation; S (D), sublimed with a little decomposition; S, sublimed.
¢) Fractional decomposition is given by the total number of moles of gaseous products (Ny) per mole of -
the starting material (Ng). &) The dehydrated product is sublimed.
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acids with only three (N*-H - - O ™) hydrogen bonds can be sublimed with no decomposition.
On the other hand, the amino acids having additional hydrogen bonds other than these three
bonds tend to decompose with no sublimation or in competition with sublimation.

Our preliminary results on the thermal decompositions of these amino acids are also in
accord with their results, as given in Table III. In the table, the relative ratios of the gaseous
products and the approximate fractional decompositions, N;/Ng, were determined after de-
composition at 192—195 °C for 90 min. The major product was found to be H,O in all cases.
The evolution of NH; was also observed in the decompositions of arginine and lysine, which
contain a guanidyl group and one more amino group, respectively. However, only a little
CO, could be detected at the above temperature. Therefore it appears that the dehy-
dration reaction is generally the most important one in their thermal decompositions. Fur-
ther investigations on the decomposition processes should enable us to relate them to the
properties of the hydrogen bond networks in the solid amino acids.
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